We present a theory of the freezing temperature Tg of metallic spin glasses. Length scales associated with intrinsic sd scattering and finite temperature play essential roles. We describe an approach in which T~i s calculated directly in terms of the strength and range of the e6'ective spin-spin pair interactions. The theory leads to a clear physical picture of the dependence of Tg on the concentration and type of impurities in the spin glass, and provides a comprehensive account of a wide range of experimental data.
I. INTRODUCTION
Spin glasses are complex magnetic systems having inherent structural disorder. Localized magnetic moments experience "frustrated interactions" which lead to a freezing transition to a glassy state at a low temperature Ts. Dilute alloys of 3d transition-metal (TM) impurities in a noble-metal (NM) host (e.g. , Ag-Mn) In this paper, we focus on the following problem. If the fundamental structure of a spin glass is changed, by adding a small concentration of impurities for example, the freezing temperature T will also change. What are the physical processes which determine the changes in T? We will focus on the canonical NM-TM spin glasses, in which the dominant rnechanisrn driving the freezing transition is the indirect exchange interaction J, z between 3d magnetic moments. In its simplest form (two moments in an otherwise pure metal at zero temperature), the exchange interaction for spin separation R )) kF ' is of Ruderman-Kittel-Kasuya-Yosida (RKKY) form:
J,ft(R )~R cos(2k~R ) .
Since the interaction is mediated by the conduction electrons, when account is taken of various physical scattering processes and finite temperature, a more general form is required for J,s(R). It is the general form of J,ft(R) which will determine T . over the ranges studied.
(2) Ts(c; ). With c held fixed, Ts (c; ) typically exhibits a rapid initial decrease as the concentration c; of nonmagnetic impurities increases. At higher values of c;, Ts(c; ) decreases more and more slowly. T (c;) appears to flatten out and almost saturate.
(3) T'"(c). The dependence on c of Ts at its "saturation" value also exhibits an empirical relation of the form T~"'(c)~c~with P slightly less than unity and different from that in (1) above. For example, /=0. 91+0 .03 has been reported for Ag-Mn.
(4) Ts(c, ;cz ). In spin glasses having two distinct magnetic species (e.g. , Mn and Fe) with concentrations c c2, two types of behavior can occur. If c, is held fixed and c2 increased from zero, Tg(c"c2) could increase monotonically with c2 or show an initial decrease to a minimum value followed by an increase until T exceeds its value for c2 =0.
(5) Ts(c, , ) . At fixed concentration of a magnetic species in a NM-TM spin glass [e.g., Ag-Mn (5.5 at. %%uo)], Tg initial ly increases sharply as impurities with strong spin-orbit scattering (e.g. , Au) are added. As the concentration, c. .. of the added impurities increases, Ts(c, , ) increases more slowly and may tend to flatten out at a plateau value.
We next describe the theoretical picture. Consider first the variation T (c, ) described in (2) above. There have been many theoretical works which have addressed this question by using [J,s(R ) ],", the average of J,s(R ) over all possible configurations of impurities. Because of the approximate form [J,s(R ) ], "=J,~(R )e (1.2) where A, ; is the electron mean free path due to elastic scattering by nonmagnetic impurities, these works have enjoyed some degree of agreement with experiment. The approach of using [J,s(R) as an alternative to Eq. (5.11) for the interpolation formula. The solid curve plotted in Fig. 1 is actually Eq. (5.14). However, the curve specified by Eq. (5.11) results in virtually the same curve for Tg(p). Sensitivity to the precise modeling scheme is minimal provided the essential physics is included correctly.
Note that the solid curve has not quite merged onto the high-p asymptote. This is because the extreme high-p asymptotic form for A,d, the second term on the righthand side of Eq. (5.9), has not quite been reached at p=50pQ cm for Ag-Mn with 2.6 at. %%u oM n, as isreadil y verified from Eq. (3.6).
We emphasize that if sd scattering had been neglected the crossover effect discussed in this section would have been missed, and a complete description of the T (p) data over the entire range of p would not have been obtained.
We have also applied our T (p) theory to other materials. Some results will be given in Sec. VI. 
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where T and y are the same constants as in Sec. V, c is the concentration of magnetic ions, and co is a "reference" concentration of magnetic ions. For example, co is the 2.6 at. % concentration of Mn in the VS Ag-Mn data of Sec. V. Note that Eq. (6.1) is the "low-p" asymptotic form for Tg(c). We use this form because the experimental data we compare our results to are always in the "low-p" regime (see below).
We express k, k"and AT explicitly as functions of c, provides a test of the theory. In Fig. 2 , we show Tg(c) for Ag-Mn. The data points are those given in Fig. 2(b) of VS. The solid line is our theoretical result, Eq. (6.2).
Note that c~2 . 5co in Fig. 2 Fig. 4 . The data points in Fig. 4 were given in Fig. 2(a To describe the dependence of the effective indirect exchange interactions on the composition of the spin glass, we find that it is necessary to take account of intrinsic sd exchange scattering and to maintain finite temperature explicitly in the theory. The sd exchange scattering (and any other interaction which breaks time-reversal symmetry) introduces length scales which strongly affect the strength of the interaction and its dependence on impurity concentration at a given spin-spin separation R. 
